ABSTRACT
INTRODUCTION
Much effort has been devoted in recent years toward the use of oligonuc.eotides as valuable tools in molecular and cell biology and as potential therapeutic agents (antisense methodology)* 1 '. Short, synthetic nucleotide chains, complementary to a segment of double-stranded DNA (ami gene agents) or single-stranded RNA (and messenger agents), can block selectively the expression of a gene, by specific binding to the target nucleic acid* 2 ' . One of the many challenges to be met for the development of oligonucleotides as pharmacologically interesting molecules is the sensitivity of the native phosphodiester bond to nucleases, which leads to fast degradation inside cells. This problem has been addressed mainly by chemical synthesis of oligonucleotide analogs* 3 ', having modified internucleosidic linkages (i.e. phosphorothioate and methylphosphonate) or modified sugars (i.e. l'-a-anomers and 2'-substituted riboses), which are more resistant to enzymatic digestion. Little attention has been paid to L-oligonucleotides, where the natural D-ribose is replaced by its enantiomer L-ribose. When this work was started, only four ' had appeared in the literature concerning the nuclease sensitivity and/or the affinity of L-oligonucleotides for complementary DNA or RNA. While an extremely high stability to spleen and venom phosphodiesterases was uniformly described for L-ribo-and L-deoxyribo-oligomers, a less clear picture emerged as to their interactions with natural sequences. Tazawa et al.* 4) , on the basis of U.V. and CD. measurements, reported the formation of a complex between L-(ApA) and poly U, having a 1A:2U stoichiometry and a melting temperature slightly lower than that of the analogous complex formed by D-(ApA). Anderson et al. (6) failed to see, by U.V. spectroscopy, any temperature dependent interaction between poly dA and either L-or D-(dU) 18 . Van Boeckel et al.* 75 presented evidence, from 'H-NMR spectroscopy, that L-r(CAAGG) binds to D-ribopenlamers having a complementary sequence in both parallel and antiparallel orientations. Since the L/D hybrid observed in both cases, which does not show Watson-Crick base pairing, is more stable than the corresponding D/D antiparallel duplex, the authors suggested that 'the association of nucleotide strands of opposite handedness provides a mechanism for chiral amplification' of a small initial excess of D-ribonucleotides, ultimately leading to the evolution of this enantiomeric form. Given the interest of this hypothesis for prebiotic evolution, we thought it worth to test if a comparably stable L/D hybrid could be formed also by short complementary L-DNA and D-DNA. This experiment would also contribute information expedient to our main purpose i.e. to enquire about the ability of L-oligonucleotides, derived from either L-ribose or L-2'-deoxyribose, to function as effective antisense compounds. In this respect, the result of van Boeckel et al.C 71 is rather discouraging, indeed, since it indicates that the binding of a L-oligomer to a natural sequence can occur by a mechanism which is less selective than canonical Watson-Crick base pairing. While the present work was in progress, four reports* 8 ' 9 ' 10 ' 1 " appeared in the literature on the affinity of Loligonucleotides for natural sequences; in all cases, however, only the behaviour of L-homo-oligomers was studied. Nevertheless, the experimental results led some of the authors to suggest that 'enantio-DNA recognizes complementary RNA specifically but not complementary DNA' (10) and 'L-RNA effectively recognizes the natural-configuration RNA sequence'* 11 *. The result of our study demonstrates that, at least, the first of these statements is, as a general one, wrong, since mixed-sequence L-2'-deoxyoligonucleotides do not bind complementary D-RNA.
RESULTS

Modeling calculation
At the beginning of the present investigation, a molecular modeling study was undertaken with the aim to compare potential energies and other relevant features of putative L/D duplexes with those of natural D/D ones. To this end, we combined L-d(CGTT-CQ with complementary DNA and RNA sequences and created three families of artificial heterochiral duplexes: B-type DNA/DNA, A-type DNA/RNA and ladder DNA/DNA. It was further assumed that 1) the bases of the interacting strands would pair according to Watson-Crick scheme in both antiparallel and parallel arrangements and 2) that in helical complexes one of the coils adopts (as initial guess) an A-or B-type structure. Ladder models, in which both strands loose their helical property, as proposed by van Boeckel et al., on the basis of modeling and energy minimisation^, tend to have calculated potential energies significantly higher than helical duplexes. One of the reasons is obviously connected to the reduced intra strand phosphatephosphate distances. Using a distance-geometry approach (see Materials and Methods), a set of 40 different duplexes which fulfil the starting prerequisites was generated. The most common feature of the four classes of helical hybrids (see data in Table  1 ) is that the adoption of a right handed structure by the L strand does not induce severe strain. When the duplexes are subjected to molecular mechanics/dynamic simulations they do not dissociate and, surprisingly, the potential energy of the A-type antiparallel complex is the same as that of the corresponding natural duplex. This does not happen for the other L/D hybrids. Thus, the calculation suggests that L-DNA has a preference to bind natural RNA over DNA and, furthermore, that the resulting duplex should be formed under ordinary conditions. After hybridization studies had disproved this forecast, we went back to the molecular modeling calculation to check if, despite its inherent, strong limitations, it contained clues to factors amenable to the experimental finding. One such clue may possibly be found in the conformational heterogeneity of the docked L strand, as manifested by the average pairwise root mean square deviation (RMSD) of each of the central L-T residues (12) 
O B-T
L-dA and L-dG were prepared, as reported elsewhere' 13) , from the common intermediate 3',5'-di-0-benzoyl-2'-deoxy-L-uridine (DIBU), which was obtained, on a large scale, from commercial Larabinose, following the five-step synthesis described by Holy* 14 *. The synthetic procedure' 13 ' is summarized in Figure 1 (yields are in respect to DIBU).
The protected L phosphoramidites la-d were prepared by standard procedures" 5 " 17 ). The diphenylacetyl protecting group (DPA) for the amino functions of cytosine and guanosine was chosen after having verified its complete removal in less than two hours under the usual deblocking conditions (30% aq. NH4OH at 50°C for 16 hours). The compounds 1 a-d (see Figure 2 ) were more than 96% pure by 31 P-NMR spectroscopy. The following sequences (5'-3') were used in the present study:
Hexamers 2-5 were prepared by the hydroxybenzotriazole phosphotriester method in solution and deprotected accordingly' 18) . The longer oligomers 6, 8-10 were obtained by automated solid-phase synthesis, using the phosphoramidite chemistry, and deprotected by the standard procedure* 3' end. Following deprotection, all 2'-deoxy-oligomers were purified by ion exchange column chromatography and converted into the sodium salts. The ribo-oligonucleotide 7 was a certified product from GENSET (Paris). ). In our case, however, the proton spectra (not shown) of the 1:1 mixtures of 2 and complementary 4 or 5 in 0.2 M KC1 at pH 6.8 and 5°C did not present any evidence of association between L-and D-oligomers. These findings prove that short DNA oligomers of complementary sequences but opposite chirality do not form hybrids stabilized by base stacking and/or hydrogen bonding.
Hybridization studies
The next experiments were done with mixed-sequence L oligomers with length in the range normally required for inhibiting mRNA expression with antisense oligonucleotides. As 'sense' strand, we chose a segment of the junction region of t(14;18) translocation, which gives origin to an oncogene, whose expression can be selectively inhibited by the natural antisense oligomer S^K The hybridization ability of the L strands 9 and 10 toward complementary natural DNA 6 and RNA 7 was probed by UV and CD spectroscopies and by non denaturing polyacrylamide gel electrophoresis. The lack of association between D and L strands was confirmed by circular dichroism, a technique that, being very sensitive to stereochemical variations, has been widely employed to detect and study unusual nucleic acid structures like Z-DNA^2 quadruple helices^'. As shown in Figure 5 and 6, a large CD is found when 6 or 7 are mixed with their natural antiparallel complement 8, whereas in the spectra obtained upon addition of the L sequences 9 and 10 no such effect is observed. Furthermore, while a large thermal effect is observed with the natural duplexes (due to separation into single strands), the spectra of the L/D mixtures are practically unaffected by temperature. Thus, judging from the results of UV and CD experiments, natural, single-stranded DNA and RNA with a random composition do not interact with complementary L-DNA. This finding was definitively proved by mobility shift experiments on native PAGE, at 5°C. When the natural DNA 6 ( Figure 7 ) is mixed with an equimolar amount of either L-ap 9 or L-p 10 (lanes 7 and 8 respectively) the component strands migrate separately with unchanged mobility; on the contrary, when 6 is combined with the natural complement D-ap 8, only one band is detected (lane 6) with a lower mobility than those of the separate strands. Nothing changes when the target is the natural RNA 7 (Figure 8, lanes 6, 5 and 2 respectively) , showing again no duplex formation between L and D strands.
DISCUSSION
The present experimental results show that mixed-base L-DNA do not bind complementary natural DNA and RNA. In agreement with this finding, other authors^ failed to observe any UV detectable association between mixed-base L-DNA and D-DNA dodecamers.
The experimental behaviour of L-homo-oligomers toward complementary natural strands is varied. Lack of association has been reported for several sequences: L-d(Uig) (6) , L a-and /3- (10) . Instead, triple helix formation was observed between i) poly U and L-dtAg) < 9 > ii) poly T and acridine-derivatized L a-and /9-d(A4) (10) iii) poly rA and L-(Ui2) (11) . The complexes are consistently less stable than natural ones. The finding that base composition may play a major role in the hybridization ability of sugar modified oligonucleotides is not new. For example, hybrids between a-DNAs with an even number of purines and pyrimidines, in random arrangement, and /3-DNA and -RNA have stabilities close to those of the corresponding natural complexes^, while ot-d(GGAAGG):0-d(CCTTCC) melts 7°C below^4' and a-d(G 2 T I2 G2):/3-r(A 12 ) 25°C above^ the corresponding natural complexes.
The contradiction we have found for LTD hybrids, between the experimental results and the predictions based upon modeling calculations, is not novel. The most stable heterochiral RNA duplex calculated by van Boeckel et al.™ had a ladder-like structure, with the two strands running parallel, and an energy content significantly higher than that of the corresponding natural A-type duplex. Instead, 'H-NMR experiments showed that a complex, devoid of Watson-Crick pairing, was formed by the L strand and both parallel and antiparallel complementary D sequences and that, moreover, the L/D hybrid was more stable than the corresponding natural duplex. The Ashley*
11
' modeling study suggested two stable heterochiral combinations: an A-type parallel duplex and a triple helix formed by two L homopyrimidine strands and a D homo-purine one. UV melting experiments displayed a sharp hyperchromic transition only for the 2L-r(U 12 ):poly rA mixture, with a T m slightly lower than that of the natural counterpart. However, the reported 'H-NMR spectra at 5°C of the imino proton resonances of the two complexes are different and the hyperchromicity of the DDD hybrid is about twice that of the LLD one. In this connection, it is interesting to note that the triplexes formed by poly U and L-or D-dCAg) have identical hyperchromicity, but the DDL complex T m melts 25°C below the DDD triplex^. Considering these examples and our own finding, we are now inclined to think that potential energy calculations do not allow sound prediction on the structure and stability of complexes involving oligonucleotides of opposite chirality. Thus, when a qualitative agreement between calculations and experimental results is found, like in one of the examples discussed above, it is most likely a fortuitous finding, devoid of any cognitive value.
A situation somewhat similar to that described here is the selfassociation of 2',5'-linked oligonucleotides, for which conflicting predictions had been made by theoretical calculations, in spite of available reference data from X-ray crystal structures of free dimers. The synthesis of several 2',5'-oligonucleotides has very recently allowed to probe the real hybridization properties of this natural but uncommon DNA^^. Altogether, it seems that modeling calculations do not lead to sound predictions about complexes involving oligomers whose behaviour cannot be derived, in an easily predictable way, from that of already known systems. This should not come as a surprise, since empirically based force field development has been obtained by optimizing the agreement between existing experimental data and potential energy predictions. The obvious implication is that any force field is inherently 'biased' by the molecules taken as reference standard and may lead to unreliable predictions if applied to systems that greatly differ from those already known.
Furthermore, while the behaviour of real molecules depends upon free energy, the predictions of force field are based on potential energy calculations. As clearly stated in a recent article* 26 ), which thoroughly evaluates the present state of molecular modeling, 'in any case where there is a non negligible entropic contribution to free energy, it is quite possible that prediction based on the CPFF alone will significantly differ from those that would be made if free energy surface were known'. Finally, in complex systems like nucleic acids, the solvation effects play a role that may be too poorly accounted for by a pseudovacuum model. However, because of the computation cost, free energy computations with explicit inclusion of solvent ire not yet practicable for large molecules, as the ones at hand.
In spite of the present limitations, modeling calculations may be of value in the field of antisense research, once some of the aspects discussed above have been further improved
CONCLUSIONS
The hybridization of L-oligodeoxynucleotides with complementary DNA and RNA strands has been studied with UV, *H-NMR and CD spectroscopies and gel elecrophoresis . The experimental results make up a coherent picture, showing that L-DNA which contains all four natural bases in a random distribution does not bind single-stranded DNA and RNA in either parallel or antiparallel orientations.
The fact that some L-homo-oligomers form triple helices with complementary natural polynucleotides, though interesting from a structural point of view, is not a sound criterion to evaluate the ability of L oligomers to selectively control gene expression, in general. Since in the antimessenger strategy the synthetic oligomer must bind to random sequence single-stranded RNA and in the antigene approach to homopurine/hornopyrimidine double-stranded DNA 2 , these two type of sequences should be used first in appropriate control experiments^3 15 '. In fact, the present result demonstrates diat L-DNAs have no future as wide scope antimessenger compounds, contrary to a previous suggestion based upon hybridization experiments with the homosequence L-dCAg) 9 .
As mentioned before, a-DNAs are another class of sugarmodified oligonucleotides where the results obtained with 'biased' sequences have no general validity.
Further studies, in progress, will show if homo-purine and/or homo-pyrimidine L-DNAs can function as specific anti-gene tools and establish the potential of L-RNAs (11) in the control of gene expression.
MATERIALS AND METHODS
Modeling calculations
Molecular models of duplexes with mixed chirality were generated using the program Insightll (BIOSYM). The structures were created on the basis of the geometrical properties which were translated into inter atom distances and given as an input for distance-geometry calculations using the program DGII. To this end, the distances which define the idealised helix structure of the D-strand as well as the Watson-Crick base pairs, were calculated and used as input for distance-geometry calculations. The embedding was done in four dimensions. After embedding, the structures were refined with 10000 steps simulated annealing to improve the sampling of die conformational space. The Lduplex was thus docked on the D-strand by embedding of die distance matrix. The resulting structures were used as starting structures for molecular mechanics and dynamics calculations using the AMBER force field. All structures were energy minimised with 100 steps steepest descent minimisation followed by 500-1000 steps conjugated gradient minimisation until me maximum derivative is less than 0.1 kcal/A. Typically molecular dynamics calculations were carried out for 100 ps at 300 K. In order to diminish die effects introduced by die exclusion of solvent molecules, the electrostatic interactions were scaled by a factor of 4/R. Materials D-amidites were purchased from Chem Gene and Pharmacia. Solid phase syntheses were performed on a Pharmacia Gene Assembler n plus (1.3 /tmol scale) using Pharmacia cartridges. Triediylammonium bicarbonate (TEAB) solution was prepared by passing CO2 gas through a 0°C cooled solution of 2M triethylamine (Fluka) in HPLC grade water until pH 7.4. DEAE Sephacell was purchased from Pharmacia, Dowex 50WX8 from Fluka.
HPLC were performed with a Varian 5000 and a Waters 600E instruments equipped with Hypersil 5-ODS and Spherisorb S10 columns. NMR spectra were measured on a Varian VXR 200, UV measurements were done with a Perkin Elmer spectrophotometer model 554 equipped with a MGW Lauda RC5 thermostat and a MGW Lauda R40/2 digital diermometer. CD measurements were recorded on a JASCO J5O0A spectropolarimeter. PA-GE was done at 3°C on 16% polyacrylamide using Stains-all as dying agent.
Purifications of the oligomers
The crude oligomers were purified on anion exchange chromatography columns (DEAE Sephacell) using a gradient of TEAB from 0.05M to 2.0M. The fractions were analyzed by reversed phase HPLC, detecting at 260nm. Fractions with purity higher than 96% were pooled and coevaporated with water several times to decompose the TEAB excess. The purified oligomers were converted to die sodium salts by passing mem through a small column of Dowex (Na), analyzed by HPLC on the anion exchange column and eventually lyophilized. The purity of the RNA sequence was checked by HPLC (SAX column) and found to be 92% pure.
UV experiments
The concentration of the aqueous solution of each oligomer (> 10 OD/ml) was measured at 260 nm, using the Borer's method^2 8 ' for calculating molar extinction coefficients. Equimolar amounts of each strand were then diluted in die buffer solution 0.1M TRIS and 0.1M NaCl corrected with IN HC1 to pH 7.0; the final concentration was approximately 2.8 X 10~6M per strand. The cells were heated to 80°C for 15 minutes, then slowly cooled down. The gradient of temperature never exceeded 0.5°C/min starting from 4°C (moisture condensation on the walls of the cells was prevented by flushing nitrogen inside the cell holder).
CD experiments CD spectra were recorded wim a Jasco J500A spectropolarimeter equipped with a DP100 data processor and with a thermostatted water jacket cell holder. The solutions were prepared as previously described for the UV experiments.
Gel electrophoresis
The electrophoretic mobilities of die oligomers in lOOmM sodium phosphate buffer, pH 7.2, have been obtained using 18% polyacrylamide gels, run at 5°C in a thermostatted slab gel unit, at 10 V/cm. Gel staining was performed by soaking with 0.01 % Stains-all dye in 1/1 water/formamide.
